Dimethyl sulfoxide ruthenium(II) complexes of N-heterocyclic carbenes derived from cycloalkylamines (cycloalkyl = cyclopentyl (1a), cyclohexyl (1b), cycloheptyl (1c), and cyclooctyl (1d)) were synthesized: 
Introduction
Organometallic catalysts are designed and optimized to mediate a single reaction [1] . As the number of applications that require combinatorial synthetic protocols increases [2, 3] , it will become desirable for catalysts to mediate multiple, mechanistically distinct transformations directly or upon simple modification.
The preparation of new polymeric materials composed of segments that cannot be prepared by the same polymerization mechanism remains a challenge in synthetic polymer chemistry. Thus, many new strategies have emerged which are based on using substrates that are capable of initiating more than one type polymerization. While a few of these protocols permit the combination of all the desired monomers at the beginning of the polymerization, the majority require timed additions [4] [5] [6] [7] [8] [9] . Furthermore, a number of organometallic complexes and co-catalysts must be included to control the polymerizations. Ultimately, it is desirable to develop new catalytic systems that have the ability to mediate several mechanistically different transformations, either directly or by simple modification; therefore requiring only the addition of desired monomers [10] .
The ruthenium-based catalyst systems have been demonstrated to be effective for initiating the ring-opening metathesis polymerization (ROMP) of a variety of cyclic olefins and as mediators for atom-transfer radical polymerization (ATRP) of vinyl monomers [11] [12] [13] [14] [15] [16] . The Grubbs' ruthenium benzylidene, Cl 2 (PCy 3 ) 2 Ru = CHPh, known as a very active olefin metathesis catalyst, showed to be also capable of performing ATRP of styrene and methyl methacrylates [17] .
In light of these observations, we became interested in the development of Ru catalysts that can do both ROMP and ATRP reactions. During the past 15 years, easy and efficient synthesis of rutheniumbased ROMP catalysts has been developed by our group [18] [19] [20] [21] [22] [23] [24] . Recently, some of the complexes have been successfully applied to controlled/living radical polymerizations of vinyl monomers [25] [26] [27] .
Herein, for the first time, we report the facile preparation and evaluation of dimethyl sulfoxide-ruthenium(II) complexes bearing NHC ligands substituted with cycloalkyl groups: cyclopentyl (2a), cyclohexyl (2b), cycloheptyl (2c), and cyclooctyl (2d) (Fig. 1) , as catalyst precursors for ROMP of norbornene (NBE) and ATRP of methyl methacrylate (MMA). Ethyl diazoacetate (EDA) was used as carbene source for ROMP and ethyl 2-bromoisobutyrate (EBiB) was used as initiator for ATRP. The goal was to observe the influence of cycloalkyl groups and its effects on catalytic activity of the studies complexes, discussing the σ-donor ability and steric hindrance, obtaining resources to understand the factors that influence the efficiency of both reactions.
Experimental

General remarks
Unless otherwise stated, all syntheses and manipulations were performed under nitrogen atmosphere following standard Schlenk techniques. Solvents were distilled from appropriate drying agents and deoxygenated prior to use. Methyl methacrylate (MMA) was washed with 5% NaOH solution, dried over anhydrous MgSO 4 , vacuum distilled from CaH 2 and stored under nitrogen at −18°C before use. Glyoxal (40% aqueous solution) was stored in a cold room at +4°C. RuCl 3 ·xH 2 O, 2,2,6,6-tetramethyl-1-piperidinoxyl (TEMPO), tetrabutylammonium hexafluorophosphate (n-Bu 4 NPF 6 ), ferrocene (Fc), norbornene (NBE), ethyl diazoacetate (EDA), cyclopentylamine, cyclohexylamine, cycloheptylamine, cyclooctylamine, paraformaldehyde, tetrafluoroboric acid, dimethylsulfoxide, and ethyl 2-bromoisobutyrate (EBiB) were obtained from Aldrich and used as acquired. The [RuCl 2 (Sdmso) 3 (O-dmso)] complex was prepared following the literature and its purity was checked by satisfactory elemental analysis and spectroscopic examination (NMR, FTIR, and EPR) [28] .
Analyses
Elemental analyses were performed with a Perkin-Elmer CHN 2400 at the Elemental Analysis Laboratory of Institute of Chemistry -USP. ESR measurements from solid sample were conducted at 77 K using a Bruker ESR 300C apparatus (X-band) equipped with a TE102 cavity and an HP 52152A frequency counter. The FTIR spectra were obtained on a Bomem FTIR MB 102. Electronic spectra were recorded on a Shimadzu (model UV-1800) spectrophotometer, using 1 cm path length quartz cells. The 1 H and 13 C NMR spectra were obtained in CDCl 3 at 298 K on a Bruker DRX-400 spectrometer operating at 400.13 and 100.62 MHz, respectively. Chemical shifts are listed in parts per million downfield from TMS and are referenced from the solvent peaks or TMS. Conversion was determined from the concentration of residual monomer measured by gas chromatography (GC) using a Shimadzu GC-2010 gas chromatograph equipped with a flame ionization detector and a 30 m (0.53 mm I.D., 0.5 μm film thickness) SPB-1 Supelco fused silica capillary column. Anisole was added to polymerization and used as an internal standard. Analysis conditions: injector and detector temperature, 250°C; temperature program, 40°C (4 min), 20°C min −1 until 200°C, 200°C (2 min). The molecular weights and the molecular weight distribution of the polymers were determined by gel permeation chromatography using a Shimadzu Prominence LC system equipped with a LC-20AD pump, a DGU-20A5 degasser, a CBM-20A communication module, a CTO-20A oven at 40°C and a RID-10A detector equipped with two Shimadzu column (GPC-805: 30 cm, Ø = 8.0 mm). The retention time was calibrated with standard monodispersed polystyrene using HPLC-grade THF as an eluent at 40°C with a flow rate of 1.0 mL min −1 . Electrochemical measurements were performed using an Autolab PGSTAT204 potentiostat with a stationary platinum disk and a wire as working and auxiliary electrodes, respectively. The reference electrode was Ag/AgCl. The measurements were performed at 25°C ± 0.1 in CH 2 Cl 2 with 0.1 mol L −1 of n-Bu 4 NPF 6 .
General procedure for the preparation of N-heterocyclic ligands
To prepare the N-heterocyclic carbenes (NHC) ligands 1a-1d, A 50 mL round-bottom flask equipped with a magnetic stirring bar and a stopper was charged with cycloalkylamine (10 mmol), toluene (10 mL), and paraformaldehyde (10 mmol). The resulting milky suspension was stirred for 30 min at room temperature until the solid was almost completely dissolved. The mixture was cooled to 0°C in an ice/water bath and a second equivalent of cycloalkylamine (10 mmol) was added. The resulting yellow solution was stirred for 10 min at 0°C before tetrafluoroboric acid (48% aqueous solution, 12.5 mmol) was added portionwise in 15 min. The cooling bath was removed and glyoxal (40% aqueous solution, 10 mmol) was added. The resulting cloudy mixture was stirred overnight (ca. 12 h) in an oil bath at 50°C. After cooling to room temperature, dichloromethane (10 mL) and water (20 mL) were added and the layers were separated. The aqueous phase was extracted with 3 portions of dichloromethane (10 mL each). The organic layers were combined and dried over MgSO 4 . After evaporation of the solvent, the beige residue was recrystallized from isopropanol to afford pure 1,3-dicycloalkylimidazolium tetrafluoroborate.
1,3-dicyclopentylimidazolium tetrafluoroborate 1a
Paraformaldehyde (0.4 g, 10.0 mmol), cyclopentylamine (2.0 mL, 20.0 mmol), glyoxal (1.1 mL, 10 mmol), and tetrafluoroboric acid (1.1 g, 12.5 mmol) afforded 1.27 g (67%) of the title compound as white needles (a) UV-vis: λ max(n) (nm), ε max(n) [ 
General procedure for the preparation of NHC-Ru complexes
An oven-dried 100 mL round-bottom flask equipped with a magnetic stirring bar and capped with a three-way stopcock was charged with an 1,3-dicycloalkylimidazolium tetrafluoroborate (1a-1d) (1 equiv), 95% sodium hydride (1.2 equiv) and a catalytic amount of potassium tert-butoxide. The reactor was purged of air by applying three vacuum/argon cycles before dry THF was added. The resulting suspension was stirred 2 h at room temperature, it was then allowed to settle for 1 h. The supernatant solution was filtered through Celite and transferred with a cannula under inert atmosphere into a two neck 100 mL round-bottom flask equipped with a magnetic stirring bar and capped with a three-way stopcock containing a solution of [RuCl 2 (Sdmso) 3 (O-dmso)] (1 equiv) in dichloromethane (10 mL). After 4 h of stirring at room temperature, the solvent was evaporated under vacuum. The residue was washed with n-pentane (20 mL). It was dried under high vacuum and recrystallized by slow diffusion of pentane into concentrated dichloromethane solution of the complex. 
Computational details
The structure of the compounds under study were optimized and had their vibrational frequencies calculated using the density functional theory (DFT) at the level of the functional M06 [31] , implemented in Gaussian 09 [32] , using the basis set DGDZVP [33] . The structures were solvated using the IEFPCM model [34] .
ROMP procedure
In a typical ROMP experiment, 1.1 μmol of complex was dissolved in CH 2 Cl 2 (2 mL) with an appropriate amount of monomer (NBE, 5.5 mmol), followed by addition of carbene source (EDA, 31 μmol). The reaction mixture was stirred up to 60 min at 50°C in a silicon oil bath. At room temperature, 5 mL of methanol was added and the polymer was filtered, washed with methanol and dried in a vacuum oven at 40°C up to constant weight. The reported yields are average values from catalytic runs performed at least three times with 10% error at the most. The isolated polyNBEs were dissolved in THF for GPC data.
ATRP procedure
In a typical ATRP experiment, 12.3 μmol of complex was placed in a A.H.S. Idehara et al.
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Schlenk tube containing a magnet bar and capped by a rubber septum. Air was expelled by three vacuum-nitrogen cycles before appropriate amounts of monomer (MMA, 12.3 mmol), initiator (EBiB, 24.6 μmol), and toluene (1 mL) were added. All liquids were handled with dried syringes under nitrogen. The tube was capped under N 2 atmosphere using Schlenk techniques, then the reaction mixture was immediately immersed in an oil bath previously heated to the desired temperature. The polymerizations were conducted at 85°C. The samples were removed from the tube after certain time intervals using degassed syringes. The polymerization was stopped when the reaction mixture became very viscous. The reported conversions are average values from catalytic runs performed at least twice.
Results and discussion
Synthesis and characterization
The one-pot procedure described for 1,3-dicyclohexylimidazolium tetrafluoroborate could be seamlessly translated to the preparation of 1,3-dicycloalkylimidazolium tetrafluoroborate (1a, 1c, and 1d) from glyoxal, cycloalkylamine (cyclopentylamine, cycloheptylamine, and cyclooctylamine), paraformaldehyde, and tetrafluoroboric acid [29, 30] . This synthesis protocol of NHC ligands 1a-1d is an optimized route from the procedure reported by Nolan and co-workers, while searching for bulky NHC ligands to coordinate in transition metal catalysts [35] [36] [37] [38] [39] [40] . The corresponding products were obtained under mild conditions; their confirmation was demonstrated by spectroscopic data (Scheme 1). The ligands 1a-1d are stable, non-hygroscopic solid that could be easily purified by recrystallization from isopropanol with typical yields of 70%.
Prior to the complexation step, these NHC precursors were suspended in dry THF and deprotonated with sodium hydride in the presence of a catalytic amount of potassium tert-butoxide at room temperature. Within 2 h, the initially white solution became progressively pale yellow. Once the deprotonation step was completed, the suspensions were allowed to settle down and the inorganic byproduct was filtered off, along with any unreacted starting materials. The deprotonated imidazolium salts 1a-1d were reacted with an equimolar amount of [RuCl 2 (S-dmso) 3 (O-dmso)] complex to obtain the NHC ruthenium(II) complexes 2a-2d in high yields (Scheme 2). The complexes 2a-2d were formed only in the powder form and non-hygroscopic, which was not suitable for single X-ray diffraction analysis. Further attempts to get crystals were not successful.
ESR spectra of the isolated compounds were silent and elemental analyses suggest five-coordinated complexes with the general formula the [RuCl 2 (dmso) 2 (NHC)]; where NHC = 1,3-dicycloalkylimidazolium 1a-1d. Each ruthenium centre presents low spin d 6 electronic configuration with +2 oxidation state. The infrared spectra were similar, with two strong bands in the region of 1102-1018 cm −1 assigned to the ν(S]O) stretching vibrations. S-bonded dmso was evident from Ru-S stretching in 428 cm −1 . These bands now support linkage of dmso to the ruthenium metal centre through sulphur, following the literature [28, 41, 42] . Bands in 1548-1552 cm −1 were attributed to ν(C]C) of the imidazole ring. The bands in the region of 345 and 310 cm −1 were attributed to ν(Ru − Cl) asymmetric and symmetric stretching vibrations, respectively, suggesting two cis-positioned Cl − ligands.
In the 1 H NMR spectra in CDCl 3 for the synthesized ligands (1a-1d)
and their complexes (2a-2d) are given in the experimental section. The peaks in the range 1.0-2.5 ppm for ligands 1a-1d and complexes 2a-2d, as multiplets, are assignable to the CH 2 groups hydrogens from the Ncycloalkyl substituent. The singlet at 3.5 ppm is assigned to the methyl groups of the S-bonded dmso. This signal indicated two equivalent Sdmso molecules trans-positioned to two Cl − ligands in the complexes 2a-2d. Additionally, the peaks at range 4.0-5.0 ppm for ligands 1a-1d and around 5.3 ppm for complexes 2a-2d, as quintuplets, are assignable to the hydrogen attached to the carbon which connects the cycloalkyl substituent to the imidazole nitrogen. In the 1 H NMR spectra of ligands 1a-1d and complexes 2a-2d, the chemical shifts observed around 7.2-7.5 ppm for free ligands and at 7.0-7.2 ppm for complexes 2a-2d as singlets are assigned to the hydrogens present in the carbon double bond of the imidazole ring. Finally, the signal at 8.8-9.0 ppm refers to the hydrogen of the C 2 carbon of the imidazole ring in the free ligands 1a-1d. These signals did not appear in the complexes 2a-2d as expected, confirming NHC carbene coordination to the ruthenium centre.
In the 13 C NMR spectra, the carbon peaks between 23.7-134.3 ppm for ligands 1a-1d and 24.0-138.3 ppm for complexes 2a-2d were observed. Correlating the NMR data with the FTIR spectrum, which suggested that the two chloride ligands are cis-positioned, a square pyramidal geometry is assigned to Ru(II) centre in all complexes synthesized.
Electronic spectra of ligands 1a-1d (Fig. S1 ) and their complexes (Fig. 2) have been recorded in the 200-700 nm range in CH 2 Cl 2 . The formation of the complexes 2a-2d was also confirmed by electronic spectra. In the electronic spectra of the complexes 2a-2d show a band around 242 nm corresponding to intra-ligand π → π transition and another band of lower energy in the region 324 nm assignable to MLCT transition. The bands assigned to intra-ligand π → π transition show hypsochromic shifts relative to their free ligands. This displacement of the absorption bands of the complexes 2a-2d most likely originate from the metalation which increases the conjugation and delocalization of the whole electronic system and results in the energy change of the π → π transition of the conjugated chromophore. These results clearly indicate that the ligand coordinates to metal centre, which are in accordance with the results of the other spectroscopic data.
The electrochemical activity of the complexes 2a-2d was studied by cyclic voltammetry in scan rate of 100 mV s −1 in CH 2 Cl 2 solution containing 0.1 M n-Bu 4 NPF 6 supporting electrolyte in the potential range 300-1100 mV. Under these conditions the redox potential (E 1/2 ) Scheme 1. Synthesis protocol of NHC ligands 1a-1d.
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for the Fc/Fc + couple occurred at 465 mV, with ΔE p = 208 mV (Fig.   S2) ; the electrochemical data of the complexes 2a-2d are given in Table 1 and the representative cyclic voltammograms for the behaviours of the complexes are shown in Fig. 3 . All the four NHC ruthenium complexes exhibit identical one-electron response corresponding to the Ru II/III redox process in the 420-460 mV range versus Ag/AgCl. ), platinum disk and wire (working and auxiliary electrode), Ag/AgCl (reference electrode). E 1/2 is the half-potential for the complex; ΔE p is the cathodic-anodic peak separation.
ROMP reactions
In order to assess the catalytic efficiency of dimethyl sulfoxide ruthenium(II) complexes 2a-2d, ROMP of norbornene (NBE) was attempted in CH 2 Cl 2 at 50°C with a [NBE]/[Ru] ratio of 5000 (Scheme 3). Under these conditions, complexes 2a-2d were completely inefficient. In contrast, when ethyl diazoacetate (EDA) was added to generate metathetically active ruthenium-carbene species from [RuCl 2 (S-dmso) 2 (NHC)] precursors 2a-2d, ROMP occurred with moderate yields. Fig. 4 shows the variation in the yield values of the isolated polymers as a function of time, in which an increase of the yield with increase of the polymerization time is observed for all the evaluated complexes. Initially, the catalytic activity of the complexes studied (2a-2d) in ROMP of NBE was expected to increase as the number of CH 2 groups increased in the cycloalkyl substituents, believing that NHC → Ru → olefin synergism would be favored for more efficient activation of the olefin (NBE). However, the catalytic activity of these complexes for ROMP of NBE showed an inverse behavior, in which it increased from Scheme 2. Synthesis protocol of dimethyl sulfoxide ruthenium complexes bearing NHC ligands. 
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the complex 2d (cyclooctyl) to complex 2a (cyclopentyl). We believe that this order of reactivity of the complexes may be associated with a kinetic dependence in the initiation step. Since pre-catalysts 2a-2d are five-coordinated complexes, the success of ROMP requires the labilization of a cis-positioned ligand to the metal-carbene. In order to better understand the mechanism of the initiation step, the ROMP of NBE with complexes 2a-2d was performed in the presence of excess dmso ligand (5 μL of EDA with [NBE]/[dmso]/[Ru] = 5000/20/1 for 60 min at 50°C), in which no polyNBE yield was observed. This inertia indicates that the initiation step involves S-dmso loss from the ruthenium centre. A computational investigation was carried out to explain the difference of activity between complexes 2a-2d in ROMP reactions. Fig. 5 shows the equilibrium position of the monomer from the ruthenium centre; as the number of CH 2 groups in the cycloalkyl substituents increases, the equilibrium distance Ru-NBE increases: 2.421, 2.448, 2.448, and 2.452 Å for 2a, 2b, 2c and 2d, respectively. The displacement of the dmso molecule from the ruthenium can be favored by the increase in the cycloalkyl group, however, nucleophilic attack of the NBE at the Ru centre is disfavored by increasing the cycloalkyl group due to steric reasons, which explains the decrease of the yield values in the following order: 2d < 2c < 2b < 2a. Further, an analysis of the molecular orbitals shows that there is no significant electronic density on the cycloalkanes and that their main role is in directing the approximation of the NBE to the ruthenium centre.
The NHC → Ru → S-dmso synergism makes the initiation step very Scheme 3. ROMP of NBE catalysed by Ru-dmso complexes. A.H.S. Idehara et al.
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slow, producing polyNBE with large dispersity. The PDI values of about 3.0 may be associated with a possible inefficiency of the initiation step; in other words, the great synergism becomes detrimental because the coordination of the olefin (NBE) to the ruthenium centre depends on the dmso ligand loss which should be fast and uniform. Consequently, chain growth occurs before all Ru units have initiated the ROMP reactions. In this way, a large dispersion in the size of the polymer chains was obtained. Although the PDI values were large, the isolated polyNBEs showed monomodal molecular weight distributions with molar weights in the range of 2.2 × 10 3 to 5.7 × 10 3 g mol −1 (Table 2) .
Based on this, it is possible to infer that the difference in the reactivity of the complexes studied is directly related to the steric characteristics of the NHC ligands, which are modulated by their substituents (cycloalkyl groups). Upon metal-carbene formation, a S-dmso ligand leaves the complex, followed by the coordination of NBE to the carbene-Ru species. This associative pathway was confirmed by theoretical calculations. The formation of the Ru-EDA complex without the output of a dmso molecule is slightly favored (about 22 kJ/mol) in comparison with a dissociative mechanism. Further, the polymerization in the presence of dmso confirmed that the ROMP reaction did not occur, although the carbene complex formation took place. The ROMP will only occur when the dmso molecule undergoes discoordination from the metal centre (Scheme 4).
ATRP reactions
Next, we focused our attention on the atom-transfer radical polymerization (ATRP) of methyl methacrylate (MMA) initiated by ethyl-2-bromoisobutyrate (Scheme 5 (Fig. 6) . The catalytic activity of the complexes 2a-2d has increased with the increase of the CH 2 groups on the cycloalkyl substituent. The complex 2a achieved a maximum conversion of 47% of polyMMA, and almost doubled with 2d, reaching 80% in 12 h. In this case, unlike the ROMP reactions, the catalytic activity of the complexes studied follows this trend: 2a < 2b < 2c < 2d, it is believed that the strong σ-donation of NHC → Ru favors the activation step in ATRP (reaction between the catalyst and initiator or dormant species). This order of reactivity observed indicates that the ATRP mechanism mediated by the complexes 2a-2d does not appear to involve the lability of S-dmso ligand from the coordination sphere.
The linear semilogarithmic plot of ln[MMA] 0 /[MMA]t versus time and the linear increase of molecular weight with conversion, in conjunction with moderate PDIs (Table 3) , illustrates a certain level of control imparted by the complexes 2a-2d (Figs. 7 and 8 ). However, in repeated kinetic experiments molecular weights were observed to be much higher than the theoretical values, thereby revealing a low initiation efficiency. This is associated to the number of growing radical chains being lower than expected, resulting in an effective increase in the monomer concentration.
Conclusions
Four N-heterocyclic carbene 1a-1d and their respective complexes RuCl 2 (S-dmso) 2 C NMR spectroscopy, elementary analysis, and cyclic voltammetry. It was concluded that two DMSO molecules have been replaced by a N-heterocyclic carbene in the coordination sphere, leading to five-coordinated complexes.
The complexes 2a-2d demonstrated moderate catalytic activities as catalytic precursors in ROMP of NBE at 50°C with [NBE]/[Ru] ratio of 5000 in the presence of 5 μL of EDA for 5-60 min. The catalytic activity of complexes 2a-2d in ROMP increased as the CH 2 group decreased in the cycloalkyl substituents, that means from 2d to 2a. This order of reactivity is associated with a kinetic dependence at the initiation step, which the departure of the S-dmso ligand from the metal centre is involved in the rate limiting step of the reaction. The electronic synergism induced by the strong σ-donation of the NHC and the π-acceptor S-dmso (NHC → Ru → S-dmso) contributed to the stability of the complexes 2a-2d. The nucleophilic attack of the NBE at the Ru centre is disfavored by increasing the cycloalkyl group due to steric reasons, which explains the decrease of the yield values in the following order: 2d < 2c < 2b < 2a.
The polymerization of MMA mediated by the complexes 2a-2d was performed using a [MMA]/[EBiB]/[Ru] = 1000/2/1 molar ratio at 85°C. Those complexes display activity as mediators for the controlled radical polymerization of MMA following an ATRP mechanism. The molecular weight of polyMMA increased with conversion, with Scheme 5. ATRP of MMA catalysed by Ru-dmso complexes. decreasing PDI values with all complexes, which illustrates a certain level of control imparted by the complexes 2a-2d.
